The rate of carbon uptake by land plants depends on the ratio of leaf-internal to ambient 24 carbon dioxide partial pressures 1 , here termed χ. This quantity is a key determinant of both primary 25 production and transpiration and the relationship between them. But current models for χ are empirical 26 and incomplete, contributing to the many uncertainties afflicting model estimates and future projections 27 of terrestrial carbon uptake 2,3 . Here we show that a simple evolutionary optimality hypothesis 4,5 28 generates functional relationships between χ and growth temperature, vapour pressure deficit and 29 elevation that are precisely and quantitatively consistent with empirical χ values from a worldwide data 30 set containing > 3500 stable carbon isotope measurements. A single global equation embodying these 31 relationships then unifies the empirical light use efficiency model 6 with the standard model of C 3 32 photosynthesis 1 , and successfully predicts gross primary production as measured at flux sites. This 33 achievement is notable because of the equation's simplicity (with just two parameters, both 34 independently estimated) and applicability across biomes and plant functional types. Thereby it 35 provides a theoretical underpinning, grounded in eco-evolutionary principles, for large-scale analysis of 36 the CO 2 and water exchanges between atmosphere and land.
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The rate of carbon uptake by land plants depends on the ratio of leaf-internal to ambient 24 carbon dioxide partial pressures 1 , here termed χ. This quantity is a key determinant of both primary 25 production and transpiration and the relationship between them. But current models for χ are empirical 26 and incomplete, contributing to the many uncertainties afflicting model estimates and future projections 27 of terrestrial carbon uptake 2,3 . Here we show that a simple evolutionary optimality hypothesis 4,5 28 generates functional relationships between χ and growth temperature, vapour pressure deficit and 29 elevation that are precisely and quantitatively consistent with empirical χ values from a worldwide data 
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(LUE) model, which can predict primary production over weeks to months 6,9 . These approaches have 44 served for the past three decades as parallel frameworks for relating primary production to 45 environmental drivers, but the connection between them remains tenuous 9 . Moreover, large-scale 46 implementations of both require independent information to be provided, such as photosynthetic capacities (V cmax and J max ) and the ratio of leaf-internal (c i ) to ambient (c a ) CO 2 concentrations (here 48 termed χ) in the Farquhar model, and response functions for various environmental factors in the LUE 49 model. There is no accepted general way to do this 10,11 , and as a result, different implementations of 50 apparently the same model can give very different answers in different ESMs.
51
The biochemical reactions of photosynthesis are critically dependent on the value of χ 12 . CO 2 52 diffuses into leaves through the stomata (microscopic pores in the leaf surface) towards the 53 chloroplasts, where reducing power derived from solar energy is used to assimilate CO 2 into organic 54 forms through the Calvin cycle. χ is tightly regulated by the responses of stomatal aperture to 55 environment. χ determines the availability of CO 2 for assimilation, and thus constrains both the 56 carboxylation-and electron transport-limited photosynthetic rates. However, current models that 57 explicitly predict χ represent only its response to moisture, and even this is represented by several 58 approximate and non-equivalent formulations (for more information on the theoretical background see 59 Supplementary Methods S1) 13 . A firm basis for the prediction of χ is thus an essential step towards a 60 first-principles representation of terrestrial plant carbon uptake. Here we derive a theory for the dependencies of χ on growing-season air temperature (T g ), vapour pressure deficit VPD (D g ), and 62 elevation (z) based on the least-cost hypothesis 4,5 , which states that plants minimize the combined costs 63 of maintaining the capacities for carboxylation (maintaining the activity of Rubisco, the primary 64 carboxylating enzyme, and other photosynthetic proteins) and transpiration (maintaining living tissues 65 to support water transport) required to achieve a given assimilation rate. The theory is tested against 66 effective growing-season values of χ derived from a global compilation of stable carbon isotope (δ 13 C) 67 measurements on leaves of C 3 plants (Fig. S1 ). The additional hypothesis of co-limitation between 68 carboxylation-and electron transport-limited photosynthetic rates is then used to provide a universal 69 model of gross primary production (GPP), which unifies the Farquhar and LUE models.
70
Logit transformation of the predicted optimal value of χ (termed χ ο ) yields remarkably simple 71 theoretical partial relationships with each of the three environmental predictor variables 72 (Supplementary Methods S2). The predicted effects of each variable are shown to be quantitatively 73 consistent with those inferred from the data, within their uncertainties ( Fig. 1 , Table 1 ). Theory and 74 data agree that logit (χ) rises by ~ 0.0545 per degree due to both increased assimilation costs (the 75 affinity of Rubisco for CO 2 versus O 2 declines at higher temperatures) and reduced water transport 76 costs (the viscosity of water also declines); falls by 0.5 per unit increase of ln D g due to the increase in (1) 85 which is statistically indistinguishable from the fitted model for χ (Table 1) .
86
Equation (1) yields χ o = 0.77 under standard conditions (T g = 25 ˚C, D g = 1 kPa, z = 0 km).
87
The predicted elevation effect increases with relative humidity (RH), becoming arbitrarily large as RH 88 approaches 100% (Supplementary Methods S2). As predicted, the fitted (negative) slope of logit (χ) 89 with elevation becomes larger with RH, most steeply at high RH ( Fig. 1 ). Using an independent dataset 90 of instantaneous CO 2 and water exchange measurements 14 , we also show -consistent with equation (1)
91
-that the single parameter determining the sensitivity of χ ο to VPD is influenced by temperature, but 92 not by VPD (Table S1 ). 
94
Highest values are in hot, wet, low-elevation sites (tropical forests), lowest in cold and/or dry and/or 95 high-elevation sites (deserts, polar and alpine vegetation). χ o ranges globally from 0.4 to almost 1.0 96 ( Fig. S2 ). The reduction from the equator towards mid-latitudes is due to aridity while that in high 97 latitudes is due to declining temperatures (Fig. S3 ). The elevation effect on χ is long-known, but has 98 not been satisfactorily explained 15, 16 . By predicting it in the same framework that accounts for climate effects, we have resolved a long-standing conundrum, showing that the unit cost of photosynthesis is 100 reduced while that of transpiration is increased with elevation, leading to reduced χ o .
it is predicted both by the earlier Cowan-Farquhar criterion 19 and by the least-cost hypothesis 4 and has 104 been shown both in short-term experiments 14,20 and in field data 4 . Mean annual precipitation (MAP) has 105 previously been used to represent plant water availability; the lack of an observed temperature effect 106 might then be an artefact, because MAP tends to increase with temperature. We showed a significant 107 (but much weakened) effect of temperature when MAP was substituted for VPD (Table S2 ) based on 108 our much larger data set. However the controlling variable is VPD, not MAP.
109
No significant difference was found between woody and non-woody plants (Fig. S4 ). The 110 most parsimonious interpretation for the statistical significance of plant functional type (PFT) 111 differences in χ detected here and elsewhere is as an indirect effect caused by different PFTs' climatic 112 preferences 14 . This interpretation is strongly supported by Fig. S4 , which shows that differences in 13 C 113 discrimination among PFTs are predicted correctly by the universal model. We did however show a 114 slightly lower χ for evergreen needleleaf trees than the other PFTs (Fig. S4 ). This is consistent with 115 higher intrinsic water use efficiency in conifer forests than broadleaf forests, and could be attributed to 116 the lower permeability of gymnosperm wood (the consequence of narrower conducting elements) 21 .
117
According to our analysis, the estimated water cost is 20% higher in gymnosperms, even though the 
319 However, (7) implies that the light response of A J is linear up to the co-limitation point, i.e. the 320 maximum electron-transport rate (J max ) is arbitrarily large. In reality J max limitation can be be 321 significant, especially at high temperatures. We therefore modify (7) 
324
We further assume that there is a cost associated with J max equal to the product of J max and a constant 325 (c * ), and that optimal J max maximizes the benefit (A J ) minus this cost. The optimal ratio J max /V cmax at the 326 growth temperature is then:
328 where c i = χc a , and c * can be estimated from data in ref. 26. We evaluated (9) at each grid cell in the 329 CRU CL1.0 climatology 37 and regressed the results against T g (Fig. S5) 
